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ABSTRACT
Transgenic (Tg) animals with reporter genes are useful models in which to study cell

lineage and the process of differentiation into tissues. We developed the green fluorescent
protein (GFP)-Tg rat, which is more suitable for transplantation and stem cell research
because it is larger than mice. We found that marker gene expression was dependent on each
organ and developmental stage. In this study we describe GFP expression in various tissues
from embryonic, neonatal, and adult animals. GFP expression in brain, lung, liver, and islet
tissues was restricted to early developmental stages, but it was continuously strong in the
exocrine pancreas, kidney, and cardiac and skeletal muscles. The CAG promoter that was
presumed to induce ubiquitous protein expression might be responsible for the differences in
expression. Anat Rec Part A 274A:883–886, 2003. © 2003 Wiley-Liss, Inc.
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Germ-cell marking with reporter genes, using trans-
genic (Tg) technology, is an essential tool in studies of cell
lineage and differentiation into tissues and organs (Cui et
al., 1994; Hadjantonakis and Nagy, 2000). Tg mice that
overexpress marker genes, such as �-galactosidase (LacZ)
(Zambrowicz et al., 1997) and green fluorescent protein
(GFP) (Okabe et al., 1997), have been used for this pur-
pose and are valuable for identifying cell migration and
differentiation. Because of their small size, mice are diffi-
cult to handle in studies of organ transplantation and
regenerative medicine (tissue engineering). Therefore, we
recently developed a Tg rat model that expresses ubiqui-
tous GFP (Hakamata et al., 2001) and LacZ (Takahashi et
al., 2003) under the CAG (cytomegalovirus enhancer,
chicken�-actin enhancer-promoter, and rabbit �-globin
poly(A) signal) promoter, and showed its potential as a
tool to elucidate cell migration and generation (Ajiki et al.,
2003). In this animal we found different levels of GFP
expression during different developmental stages. The
morphologic characterization of GFP expression in each

tissue will provide basic information for further biological
research into somatic stem cells and organ regeneration.
In the current study we explored the expression of GFP in
histological sections of embryonic, neonatal, and adult
GFP Tg rats.
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MATERIALS AND METHODS
GFP Tg rats with a CAG promoter were developed from

Wistar rats (Hakamata et al., 2001) and were maintained
at the Experimental Medical Center of Jichi Medical
School. Two or three hemizygous GFP Tg rats (1, 2, 4, and
8 weeks old) and embryos (14, 17, and 19 gestation days
old) were examined. Under ether anesthesia, samples of
the tissues and whole embryos were obtained from the Tg
animals and fixed in 4% paraformaldehyde with 0.1 M
phosphate buffer (pH 7.4). Wistar rats of the same age
were used as controls. Parts of the samples were frozen in
OCT compound, and 10-�m-thick sections were made.
Some samples were embedded in paraffin, and 3-�m-thick
sections were made. The Animal Experimental Committee
of Jichi Medical School approved all animal procedures.

GFP fluorescence was observed with a fluorescent mi-
croscope (AX80TR; Olympus, Tokyo, Japan) through
NIBA filter cube (U-NIBA; Olympus, Tokyo, Japan) in
frozen sections. For GFP immunostaining, both frozen
sections and deparaffinized paraffin sections were incu-
bated sequentially with rabbit anti-GFP antibody (Clon-
tech, Heidelberg, Germany), biotinylated anti-rabbit IgG
antibody (Vector Laboratories, Burlingame, CA) and
HRP-labeled streptavidin (Vector Laboratories). Reac-
tions were visualized using diaminobenzidine (Sigma, St.
Louis, MO) as a chromogen in the presence of 0.003%
H2O2 or Vector SG (Vector Laboratories). Nonimmunized
rabbit globulin was used instead of anti-GFP antibody as
a negative control.

RESULTS
GFP expression in various tissues, and changes in this

expression during development, are summarized in Table
1. Immunostained data were used for confirmation. The
number of GFP-immunopositive cells in paraffin sections
was decreased compared to that of GFP-fluorescent cells
in frozen sections. GFP was strongly expressed in tissue
samples from the heart, skeletal muscles, and whole pan-
creas. Generally, GFP expression decreased in strength
and frequency along with organ development. In embryos

of 14E and 17E, strong fluorescence in tissue samples from
the brain, lung, and liver was observed. This fluorescence
continued until birth, but the number of fluorescent cells
decreased progressively. In adults, there was strong GFP
expression in some brain neurons, but only faint expres-
sion in other cells. The lung and the liver also showed little
GFP expression (Fig. 1A–I).

The number of GFP-positive cells in the pancreas tis-
sues decreased with growth. Both exocrine tissue cells and
Langerhans’ islet cells were positive in the early stage of
postnatal development (Fig. 1J and K), but the Langer-
hans’ islet cells lost GFP expression at 1 month. The
number of GFP-positive exocrine cells also decreased, but
cells that were strongly positive for GFP remained
throughout life (Fig. 1L).

In the kidney, the glomerulus, proximal tubules, distal
tubules, and collecting tubes were GFP-positive (Fig. 1M
and N). With growth, the fluorescence gradually declined,
but remained positive (Fig. 1O).

The strongest GFP expression was seen in muscle tis-
sue. In skeletal muscle, all of the cells had strong fluores-

Fig. 1. GFP expression in various organs and developmental stages
of the GFP Tg rat. Embryos of 17 days gestation (17E) showed strong
GFP fluorescence in the brain (A), lung (D), and liver (G). The strong
expression continued until the neonatal period (B: brain; E: lung; H: liver).
In the adult brain, some of the neurons showed GFP, but the other cells
showed only faint expression (C). Adult lung (F) and liver (I) are almost
negative in GFP expression. Both exocrine tissue cells and Langerhans’
islet cells (arrow) are positive in the early stage of postnatal development
(J: fluorescence; K: immunohistochemistry in paraffin section). Langer-
hans’ islet cells (arrow) lose their GFP fluorescence, and GFP-positive
exocrine cells were decreased in the adult (L). In the kidney, cells of the
glomeruli (arrows), proximal tubules, distal tubules, and collecting tubes
were GFP-positive (M: fluorescence; N: immunohistochemistry in paraf-
fin sections). The fluorescence declined in adults (O). In skeletal muscle,
all cells showed strong fluorescence (P). Cardiac muscle was strongly
positive in GFP expression, but not all cells expressed GFP (Q). Smooth
muscle cells (arrows) of the small intestine showed weaker fluorescence
(R). Bars � 100 �m.

TABLE 1. GFP expression in the GFP Tg rat

Tissue 14 Ea 17 Ea 19 Ea Nb 1Wc 2Wc 4Wc 8Wc

Brain �� � � � �/– �/– �/– �/–
Lung ��� ��� ��� �/– �/– �/– �/– �/–
Cardiac muscle �� �� �� �� �� �� �� ��
Skeletal muscle ��� ��� ��� ��� ��� ��� ��� ���
Smooth muscle � � � � � � �
Spleen �� � � � �
Thymus �/– �/– �/– �/– �/–
Thyroid gland �/– �/– �/– �/– �/–
Liver ��� ��� ��� �� �� �� – –
Pancreas: exocrine �� �� ��� �� �� �� ��
Pancreas: islet �� �� � – –
Small intestine �/– �/– �/– �/– �/– �/– �/–
Salivary gland � �� �/– �/– �/–
Kidney � �� �� �� �� �� ��
Skin – � � � � �� � �/–
Hair follicle � �� �� � �
a14E, 17E, 19E, 14 days, 17 days, and 19 days after gestation.
bN, neonate.
c1W, 2W, 4W, 8W, 1 week, 2 weeks, 4 weeks, and 8 weeks after birth. ���, all cells, strong; ��, not all cells, strong; �, all
cells or not all cells, moderate; �/–, all cells or not all cells, weak; –, no cell, no expression.
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cence throughout all stages examined (Fig. 1P). Cardiac
muscle was strongly positive for GFP expression, but not
all cells expressed GFP (Fig. 1Q). The smooth muscle cells
also showed fluorescence, although it was weaker than in
the skeletal and cardiac muscles (Fig. 1R).

DISCUSSION
Marker gene Tg rats have many advantages as a tool for

biomedical research, especially in studies of stem cell mi-
gration. The GFP Tg rat was shown to be useful in graft-
ing experiments in the heart, small bowel, pancreas
(Hakamata et al., 2001), limb (Ajiki et al., 2003), and
spleen (Sakuma, unpublished data), because GFP expres-
sion was found in �70% of the peripheral blood cells.
Moreover, bone marrow cells (widely employed precursors
of tissue cells) also show GFP expression, and the differ-
entiation of transplanted bone marrow cells to cardiac
tissue has been clearly demonstrated in a model of myo-
cardial infarction (Takahashi, unpublished data).

Aside from the advantages, marker gene expression is
still an important issue. Penetration of the transferred
marker gene is supposed to be maintained in whole ani-
mals over generations; however, the regulation of marker
expression is not yet fully understood (Whitelaw et al.,
2001). The CAG promoter (which the GFP Tg rat contains)
has been widely used in attempts to achieve ubiquitous
expression. However, studies of Tg mice (including GFP
Tg mice) (Okabe et al., 1997; Ikawa et al., 1998; Kisse-
berth et al., 1999; Nakanishi et al., 2002) found that gene
expression was not ubiquitous, and that gene expression
varied with each animal line. Although GFP expression in
rat cells is considered to be a suitable marker for tracing
cell lineage and evaluating chimerism in regenerative re-
search (Ono et al., 1999), incomplete expression may con-
found interpretation of the results. The reason for this
incomplete expression remains to be determined (Prosch
et al., 1996; Robertson et al., 1996; Garrick et al., 1998;
Walters et al., 1999); however, development (Kothary et
al., 1991; Koedood et al., 1995) or pathological stimulation
(Fritschy et al., 1996) may influence marker gene produc-
tion.

In the GFP Tg rat, expression differed not only from
organ to organ but also from cell to cell, even with the
same cell type in a particular tissue. Moreover, GFP ex-
pression in each tissue and organ was individually re-
stricted by development and age. In addition to its utility
as a cell lineage tracing marker, GFP is also valuable as a
unique indicator that reflects cell differentiation, organ
generation, and organ aging.
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